INTRODUCTION
Gelatin is the denaturated form of animal protein collagen obtained by hydrolytic degradation. 1 Collagen is the most common animal protein and its biological origin imparts several useful characteristics to gelatin-based materials, such as cell-adhesion, biocompatibility, and biodegradability. 2, 3 Gelatin
During the gelation process, the gelatin singlestrands self-associate to reform the original collagen triple-helix based on the left-handed, PII conformation of the individual strands. 5 These triple-helices act as junction zones of the three-dimensional network. This network, however, is transient in nature and can easily be removed by environmental changes. Traditionally, chemical cross-linkers are used in the sol state to obtain permanent networks, a process controlled by the diffusion of the crosslinking partners, which leads to relatively heterogeneous networks. [6] [7] [8] Recently, however, it has been reported that conducting the chemical gelation simultaneously with the physical gelation produces hydrogels with a higher shear modulus [8] [9] [10] [11] and better transparency 12, 13 than similar hydrogels obtained by cross-linking in the sol phase. This synergistic effect -the increase of the chemical network shear modulus in comparison with the equivalent network obtained in the sol phasehas been tentatively attributed to a templating effect of the physical network, which guides the chemical cross-linking in a way that increases the number of elastically active bonds generated and achieves a more homogeneous network. [8] [9] [10] 12 In this work, we examine further the origin of this synergistic effect. More specifically, we explore the effect of temperature, which controls the extent of triple helices formation (the further below the melting temperature, the higher the number density of helices). 4 Our hypothesis is that a more extensive physical network will induce a more efficient cross-linking process carried out contemporaneously. In contrast with previous studies, [8] [9] [10] 12 which had used an enzymatic cross-linker (therefore not consumed by the reaction), we study here the cross-linker glutaraldehyde, to establish whether the performance of a classic, non-catalytic chemical cross-linker is also improved when used in the presence of a physical network. The cross-linking process is performed at temperatures both below and above porcine gelatin's melting temperature. In this way, we can control the amount of physical network present and evaluate its effect on the chemical cross-linking process. Optical rotation is used to measure the amount of triple-helices and oscillatory rheology to monitor gelation and assess the linear viscoelastic properties of the final network. In addition, we extend the study by determining the non-linear viscoelasticity at high strains, which is a direct probe of the network structure.
EXPERIMENTAL

Materials
Type A Porcine skin gelatin (G1890) and glutaraldehyde (G6257 -Grade II, 25% aqueous solution) were obtained from Sigma Aldrich and used as received. The porcine skin gelatin has an isoelectric point of pI 7 to 9, a bloom strength of 300, and a gelation temperature of ca. 37 °C.
Methods
Sample preparation: Gelatin samples were prepared by dilution from a 20% w/w gelatin stock solution in water, at natural pH. Gelatin stock solutions were prepared by adding gelatin to water, leaving overnight at 4 °C to swell, then vortex mixing at 40 °C until a clear solution was obtained. The stock solutions were kept for a maximum of five days to prevent contamination.
Gelation protocols:
In this study, three types of gelation protocols were used:
Protocol 1: Physical gels (P). Gelatin solutions (10% w/w) were cooled down from 40 °C to temperatures below gelatin melting temperature, namely, to 15, 20 and 25 °C. In this case, only the physical network forms.
Protocol 2:
Chemical gels (C). Glutaraldehyde was added to gelatin samples at 40 °C to obtain solutions of 10% w/w of gelatin and 0.25% w/w glutaraldehyde. The final solutions were left to gel at 40 °C, above the melting temperature. In this case, only the chemical network forms.
Protocol 3: Physical-co-chemical gels (PC).
Glutaraldehyde was added to gelatin stock solutions at 40 °C to obtain solutions of 10% w/w of gelatin and 0.25% w/w glutaraldehyde. The samples were then cooled immediately to temperatures below the gelatin melting temperature (to 15, 20 and 25 °C) in order to allow the formation of the physical network. In this case, both chemical and physical networks are formed simultaneously.
For the chemical cross-linking, the solutions of gelatin and cross-linker are briefly mixed together before being loaded into a cuvette (for ORD) or onto the rheometer plate. We estimate that this takes < 30 s prior to the measurement being started. For physical gels instead, gelation is started by dropping the temperature in situ.
Oscillatory Rheology
Rheological measurements were performed on a strain-controlled ARES Rheometer (TA Instruments, USA) equipped with 25 mm parallel plates geometry. The temperature was controlled by a Peltier unit (±0.1 °C). To prevent solvent evaporation, a thin layer of paraffin oil was applied around the edges of the geometry.
The storage modulus (G') and loss modulus (G") temporal dependence (time sweep measurements) was monitored at a fixed given temperature and fixed frequency of 6.28 rad•s -1 and strain of 1% (within the linear viscoelastic region, as determined by an amplitude sweep performed on the physical gel) for 60 minutes. Time sweep measurements were followed by frequency sweep measurements within the range of 0.1-100 rad•s -1 at a fixed strain of 1%. For the systems studied here, the gel point is defined as the point where G' reaches the arbitrarily defined value of 1 Pa, as was used previously. 8, 9 Optical Rotation Optical rotation dispersion (ORD) measurements were conducted on an Applied Photophysics Chirascan™ instrument (Leatherhead, UK), fitted with a calcite polarizer capable of fast scanning optical rotation dispersion in the wavelength region of 850-215 nm. Temperature was controlled by a Quantum Northwest TC125 Peltier unit attached to the cuvette holder. An OMEGA thermocouple probe (TJC-100-CASS-IM025U-35, supplied/calibrated by APL) was used to directly measure the temperature sample inside the sample cuvette. Samples were loaded in optical quartz Suprasil cells. All cuvettes (10 mm and 1 mm path lengths) used in these measurements were obtained from Hellma UK. Optical rotation of air, pure water and sucrose solution (10 mg/mL, standard) were monitored at 589 nm (sodium D-line) at 20 °C to calibrate the instrument prior to gelation measurements as described elsewhere. 8 The instrument was continuously flushed with pure nitrogen vapours throughout the duration of the measurement. Gelation kinetics were monitored at a wavelength of 436 nm, with a bandwidth of 2 nm, and the water baseline corrected. The concentrations of gelatin and glutaraldehyde were kept at 10% w/w and 0.25% w/w, respectively. The optical rotation value for gelatin (10% w/w) in the single-strand state gelatin, αcoil, was measured and obtained at 40 °C. The kinetics of gelation were measured by transferring approximately 400 µL of the 10% w/w gelatin solution (incubated at 40 °C) into an empty 1 mm cuvette which was then thermally heated in the instrument sample holder at the appropriate temperature to be measured. Measurements were taken over 18,000 seconds with an accumulation time of 2 s per point. During gelation, single stranded gelatin undergoes a conformation change to give a triple helix. This can be observed from a change in the optical rotation angle α, which can then be used to derive the fraction of triple helices (χ) in the sample as explained elsewhere. 8 Optical rotation measurements were performed three times for each sample type and the resulting average is shown, unless otherwise stated.
Uniaxial Deformation
To complement the rheological measurements of linear elasticity at small shear deformations, the non-linear elastic deformation under uniaxial tension was investigated. Protocols 1, 2 and 3 described above were followed with some modifications, as outlined hereafter, when preparing samples. To prepare physical gel samples via Protocol 1, 10 mL of a 10% w/w gelatin solution at 50 °C was poured into a polystyrene Petri dish (diameter of 5 cm). The solution cooled naturally at room temperature (ca. 20 °C) and was aged for 24 h at that temperature. The physical gel was then cut into rectangular strips (4 cm × 0.3 cm) for stress/strain analysis. To prepare chemical gel samples, 10% w/w solutions at 50 °C were cast into Petri dishes immediately after adding the glutaraldehyde. The gels were held in a closed dish in a water bath at 50 °C (above the gelatin melting temperature, thus preventing the formation of physical cross-links) for 24 h before cutting strips for stress/strain analysis. To prepare physical-co-chemical gels via Protocol 3, 10% w/w solutions at 50 °C were cast into Petri dishes immediately after adding the glutaraldehyde. In analogy to the procedure for the rheology, the gels were held in a closed dish in a water bath at temperatures of either 20 or 25 °C for 24 h. Additionally, some gels were stored in a closed dish within a refrigerator at 5 °C for 24 h.
Strips of chemical and physical-co-chemical gels were measured under tension on a testing apparatus (TA.XT.Plus Texture Analyser, Stable Micro Systems, Godalming, Surrey) with a constant cross-head speed of 0.25 mm•s -1 using a 5 kg load cell. The apparatus was fitted with an enclosed thermal cabinet (TC/LN2, Stable Micro Systems) set at a temperature of 45 ± 5 °C. Each end of the strips was held in a steel clamp with a roughened jaw. Samples were strained until the point of failure. Dishes of water within the oven raised the relative humidity within the oven to suppress evaporation of water from the gel samples. Prior to the measurement, the gel strips were equilibrated to the oven temperature by placing them in a closed Petri dish containing saturated water vapour. For comparison, physical gel samples were analysed at room temperature, which is below the gelatin melting temperature.
RESULTS AND DISCUSSION
Physical (P) gels
The results obtained for the pure physical hydrogels is shown first. For the physical gels, only the self-assembled triple-helix network is present. As it is well established, gelatin undergoes a thermo-reversible conformational change as temperature is decreased, 14, 15 whereas the single gelatin strands form triplehelices, which act as the junctions of a physical network that sustains the hydrogel. 4, 16 In Figure  1A , the temporal dependence of G' and G" (cure curve) is shown at three different temperatures, 15, 20 and 25 °C. As it can be observed, the gelation time is short, less than 0.15 s at 15 and 20 °C and ca. 0.15 s at 25 °C, in all cases below or close to the experimental limit. As reported in the literature, the conformational reorganization reaches a stage where a slow kinetic regime sets-in. [17] [18] [19] In the time sweeps, this is observed as a lack of a plateau, whereby G' follows an asymptotic behaviour at long times. The dependence of G' and G" with frequency shows the typical pattern expected for a permanent hydrogel ( Figure 1B ): G' shows no frequency dependence within the window studied and G'>>G". 20 This shows that in these physical gels, the long-life of the triple-helix junctions 21 confers a permanent character to the hydrogel. The value of G' at long times is strongly dependent on the temperature, but this dependence also follows an asymptotic behaviour. The value of G' correlates directly with the fraction of gelatin's residues in the triple-helix conformation (χ) ( Figure 1C ), which is controlled by temperature, with a dependence that is also asymptotic. This relationship between G' and χ allows us to build a master curve ( Figure 1D ), i.e., a direct correlation between G' and χ, which had first been suggested by Djabourov and co-workers 22 and also demonstrated with fish gelatin. 
Chemical (C) gels
The gelatin chemical hydrogels were obtained at 40 °C, i.e., above the porcine gelatin melting temperature of 37 °C. Under these conditions, the gelatin single strands are in a dynamic conformational state with a marked tendency to adopt the PII extended conformation, which is a pre-requisite for triple-helix formation. 5, 23 The chemical network arises from the covalent bonds created by the cross-linker, in this case, glutaraldehyde. Glutaraldehyde forms crosslinks by reacting one of its aldehyde group with an ε-amine groups from lysine or hydroxylysine residues, forming an intermediate, which then reacts with another ε-amine group to produce a cross-link. 24, 25 For porcine skin gelatin, on average, 0.2% of the residues are hydroxylysine and 2.7% are lysine residues. 26 Assuming an average molecular weight for the amino acid residues of 110 Da, with 10% w/w gelatin and 0.25% w/w glutaraldehyde in the pre-gelation solution, we estimate an approximately equimolar solution of reactant and substrate, therefore about twice the amount of glutaraldehyde required to react with all ε-amine groups available.
The final value of G' depends on the cross-link density and on its efficiency. Not every covalent bond generated will create an elastically active chain. Glutaraldehyde molecules bound to a single amine site generate dead-ends and intramolecular bonds will not propagate the network, creating closed loops. These closed loops and dead, or loose, ends consume glutaraldehyde and binding sites without contributing to the network and therefore to G'. A more detailed discussion can be found in our previously published papers. [8] [9] [10] 12 Small-angle neutron scattering data from our previous work with gelatin 10 and gelatin/chitosan 9 hydrogels and data from the literature 27 show a stark difference in the level of homogeneity between physical-co-chemical and chemical networks, in some cases even visible to the naked eye, 12 which suggest a higher contribution of nonelastic chains in the chemical gels. Figure 2 shows the oscillatory rheology data for the chemical gelatin gels studied in this work, with 10% w/w gelatin and 0.25% w/w glutaraldehyde. The reaction ends when all glutaraldehyde or binding sites have been consumed, or have become inaccessible due to constraints imposed by the network. However, as the cross-linker is consumed and the binding sites are occupied, the reaction will naturally slow down. This slow-down can be observed in Figure 2A , 
Physical-co-Chemical (PC) gels
Physical-co-chemical hydrogels, PC hydrogels, are formed by the simultaneous build-up of both chemical networks, via glutaraldehyde crosslinking, and physical networks, via triple-helix formation. This is achieved by mixing gelatin and glutaraldehyde above the gelatin melting temperature followed by quickly decreasing the temperature to below the gelatin melting temperature (in this work, 15, 20 and 25 °C). The curing curves for the independent physical and chemical reactions were presented in Figures 1A  and 2A , showing for both a fairly fast process, with gelation times of the order of 0.15 s or less. Therefore, we can assume that both processes are occurring within the same timeframe, which is in contrast with the enzymatic cross-linker used in our previous work, 8, 10 where the buildup of the chemical network was notably slower than the formation of triple-helices.
In Figure 3A , the time dependence of G' and G" for the physical-co-chemical hybrid networks is shown. The frequency sweeps are presented in Figure 3B , and show, as already described for both physical and chemical individual networks, the typical signature of hydrogels.
A comparison of the curing curves (Figures 1A, 2A and 3A) reveals both similarities and disparities between the three processes. The gelation is fairly fast, with gelation times below 0.15 s. The final value of G' for PC gels depends on the temperature, however it reaches a saturation limit faster than the physical gels. For P gels (Fig. 1A) , the value of G' increases by ca. 3.2 times by decreasing the temperature from 25 to 20 °C and 1.5 from 20 to 15 °C. For the PC gels (Fig. 3A) , G' increases by 1.8 and 1.2 times from 25 to 20 °C and from 20 to 15 °C, respectively. This earlier saturation of the PC gel is probably an effect of the chemical network setting in: as the chemical network builds up, covalent bonding of the chains may compete with the formation of the physical network, and therefore, limit how much of the physical network can be formed. In contrast with our previous work with an enzymatic cross-linker, transglutaminase, 8, 10 the reaction kinetics with glutaraldehyde are much faster -comparable to the physical gelation -thus leading to a more rapid stabilisation of the storage modulus.
As can be seen in Figure 3C , this early saturation of G' does not match the change in the fraction of residues in helix conformation (χ): χ does still exhibit an increase while G' reaches saturation, which shows a decoupling of G' and χ, in other words, not every triple helix junction formed (which increases χ) leads to an increase in G' (earlier saturation). Therefore, it was not possible to build a master curve between G' and χ for the PC hydrogel, as the contribution of the chemical network could not be accounted for. Another striking effect of the chemical network is the reduction of χ at any given temperature. For physical hydrogels at 8000 s, χ values are 47, 37 and 22% at 15, 20 and 25 °C, respectively (Fig.  1C) . For PC hydrogels, these are: 32, 21 and 12%, at the same temperatures. These much lower values of helix density demonstrate that the formation of the chemical networks hinders the helical conformation change. Thus, we have observed that in the PC gels a decoupling between χ and G' takes place: not all triple-helix junctions contribute to G' and a smaller fraction of the gelation residues forms triple-helices.
The presence of both chemical and physical networks in these hybrid gels is also apparent when comparing the magnitude of the modulus. For instance, at 15 °C, G' for a physical gel is 6.8 kPa (Fig. 1A) , while it is 12 kPa (Fig. 3A) for a PC gel. However, as stated before, it is not trivial to separate the contribution from each network. Therefore, in order to evaluate the impact of the physical network on the formation of the chemical network, we measured the rheological properties of the PC gels at 40 °C, a process schematically represented in the Graphical (Fig.  5) . From Figure 5A , storage modulus values are: 11, 9.8, 4.3 and 1.6 kPa for gels formed at 15, 20, 25 and 40 °C, respectively. Two main conclusions can be drawn from these data. One, the magnitude of the effect depends on the gelation temperature, and thus on the fraction of triple helices present in the physical gel phase: the larger that χ is, then the greater is the increase in the G' of the final chemical networks. In the following discussion, we refer to this storage modulus from the chemical networks grown with the PC protocol as G'C@PC, to differentiate it from the total G', which includes the contribution from the helices. G'C@40°C refers instead to the modulus from the pure chemical network, i.e. grown at 40 °C, in the absence of triple-helices. While the temperature clearly impacts G'C@PC, a saturation, however, is reached when lowering the temperature: at 25 °C, the PC gel's storage modulus is 2.7 times higher when compared to the chemical gel; at 20 °C G'C@PC/G'C@40°C ratio is 6.1, and at 15 °C, it is 6.7 (Fig. 5C ). Assuming that this synergistic effect is due to a templating effect of the physical network favouring intermolecular bonding (which contributes to G') at the expense of intramolecular bonding (which does not contributes to G'), one can expect that there is an optimal templating architecture which cannot be further improved. Therefore, there exists (for a given composition) an optimum value of χ that leads to a maximum synergy with the chemical network formation, beyond which no further improvement is obtained. Within the conditions Figure 1D ) and from the decrease of G' upon melting the PC hydrogels (■). studied here, the highest elasticity was obtained for a value of χ around 30% at 15°C. The second important aspect that can be read from these data is that a small amount of triple-helix present is enough to cause a dramatic increase in G'C@PC. At the lowest χ value of 12% (obtained at 25° C), G'C@PC/G'C@40°C is 1.5.
In Fig. 4B , the physical contribution to G' in the PC gel (obtained from the amount of G' lost during melting) is compared with the expected value obtained from optical rotation (Fig. 3C) , using the master curve established in Fig. 1D . If there was a direct correlation between χ values measured in PC gels and the physical contribution to the total G' in the same hydrogels, both sets of data should superimpose. However, this was not observed; instead, the contribution from the physical network (from rheology) is always lower than the expected contribution from the helices (estimated by the master curve). In addition, this discrepancy increases at lower temperatures. This shows that the respective contributions of helices and covalent bonds in a PC gel are not simply additive, but result from a collaborative process.
This "collaboration" of the physical and chemical networks formation has been observed in similar systems. Kim and co-workers 28 observed that chemical gelatin nanogels, also cross-linked with glutaraldehyde, showed an irreversible volume transition upon melting of the physical network, which was attributed to the irreversible collapse of the chemical network, no longer supported by the physical network. We also observed similar changes in mixed chitosan/gelatin bulk gels, where nano-scale structural re-arrangements were observed upon melting of the physical network. 9 Souguir and co-workers 21 investigated the kinetics of triple-helix formation in the presence of the constraints imposed by covalent cross-links and observed how these constraints affected the physical network kinetics at long times, but not at short times. These constraints imposed by the chemical cross-linking process could explain the lack of a direct correlation between χ and G' from the physical network, and why the G' vs. χ master-curve becomes a poorer predictor at lower temperatures ( Figure 4B ), which is also where the chemical networks was observed to be the strongest (post melting of the helices). In a physical network, triple helices are the junctions of the network. Even though it is theoretically possible to have a triple-helix formed by a single looped strand, this is highly unfavourable and generally not observed. 29 Therefore, it can be assumed that all triple-helix junctions are inter-molecular, leading to the highly efficient formation of elastically active chains, and explaining the direct correlation between χ and G' in pure physical gels (Fig. 1D) . Instead, in hybrid cross-linking processes, the chemical bonds create junctions that, when at high enough concentration, isolate the triplehelices from each other, as observed by Souguir and co-workers. 21 This can create a situation where a triple-helix is formed but does not propagate the network, as it would be isolated from the rest of the network by the chemical cross-links. In this case, not every triple-helix generates an elastically active chain and a decoupling between χ and G' would be observed.
Large Deformation of Gelatin Networks
The results obtained at low strains under oscillatory shear can be compared to the results found at large strains under uniaxial stress. These experiments enable comparing the results from the gelatin networks to the expectations from the classical theory of rubber elasticity for entropic, randomly-coiled chains. 7 At high extensions of an elastic network, the chains reach their elastic limit. Then strain hardening is observed; the stress rises more than linearly with strain. Thus, large-strain deformation provides a means to probe a network's structure. In a previous study of cross-linked gelatin, 30 strain hardening was observed at strains greater than approximately 50%.
For uniaxial deformation of a cross-linked network of unentangled chains, the engineering stress, σ (defined as the load per initial crosssectional area) is related to the extension ratio, λ, as
where G is the shear modulus, obtained when invoking the assumption of non-compressibility, a common assumption for hydrogels. 31 The Figure 6 . Representative engineering stress data obtained under large-strain extension at 45 °C for physical-co-chemical (PC) hydrogels compared to a chemical gel. The PC gels were formed at three different temperatures (as indicated) and measured at 45°C, and the chemical gel was formed at 50 °C.
theory states that G is directly proportional to the density of cross-links (and inversely proportional to the molecular weight of the strands between the cross-linking points). Figure 6 compares the results for a pure chemical network to PC networks that were formed at three different temperatures: 5, 20 and 25 °C. The networks were strained above the melting point of the gelatin, at a temperature of 45 °C; these experiments therefore probe differences in the chemically cross-linked network structures (G'C@PC). The stress/strain data can be well described by Equation 1 for all gelatin network types. The slight curvature observed in the data in Figure 6 is consistent with the predictions of rubber elasticity theory. There is no evidence for strain hardening or stress relaxation from disentangling chains. 7 The data were fitted to Equation 1 to obtain values of G, which are listed in Table 1 . The chemical gel has the lowest G, indicating that it has the lowest cross-link density. The value of G varies inversely with the temperature of the PC gel formation. When the gel is prepared at 5 °C, the ratio of the PC to C moduli, GC@PC/GC, is 4.1 ( Figure 5D ). As likewise observed from the oscillatory rheology experiments ( Figure 5C ), this ratio is very sensitive to the temperature where the hybrid gelation process was performed: at 5 °C the ratio is over twice the value found at 25 °C ( Figure 5D ), thus comparable to the increase observed from the oscillatory experiments, where G'C@PC/G'C at 15 °C is twice higher than at 25 °C ( Figure 5C ). The observed trend in G is broadly consistent with the trend in G' obtained from oscillatory shear rheology at low strains. The experiments clearly show that the density of cross-links increases when the chemical reaction takes place within the template provided by triple helices. Table 1 also presents the strain at failure and the energy expended during deformation (calculated from the area under the stress/strain curves). It is seen that the chemical gel can be extended to greater strains than the PC gel, which can be explained by its lower density of cross-links enabling greater chain extension at relatively low stress levels. Hence, the energy of deformation is greatest for the chemical gel.
It is not possible to compare the deformation of the physical gels to the PC gels at a temperature of 45 °C, as in Figure 5 , because of melting. However, data obtained at 20 °C for pure physical gels is included in Table 1 . It is noteworthy that the modulus of the PC gel (11.6 kPa, measured at 45 °C) exceeds the sum of the chemical gel's modulus (2.8 kPa) and the physical gel's modulus (6.1 kPa, measured at 20 °C).
CONCLUSIONS
In this work, chemically cross-linked hydrogels of porcine gelatin were obtained using glutaraldehyde, a non-catalytic, non-zerolength, bi-functional chemical cross-linker. We compared the rheological and large-strain deformation properties of conventional chemical hydrogels, gelled from the sol phase by the addition of a cross-linker, to hybrid physicalco-chemical hydrogels, gelled in the gel phase, i.e. in the presence of gelatin's natural physical network. Using shear rheology and uniaxial deformation, we compared the resulting chemical networks, obtained after melting of the physical triple-helices that sustain the physical network. In both types of analysis, hydrogels prepared from a hybrid cross-linking process at the lowest temperatures show a synergistic gain in their shear modulus by a factor of four (large strain) to six (shear rheology), when compared to conventional chemical hydrogels (prepared in the sol state). We found that this synergistic effect directly correlates with the fraction of gelatin residues in triple-helix conformation, which is controlled by the temperature. Therefore, the gain in shear modulus of the chemical networks is a direct result of the amount of physical network present during the chemical network formation. This supports the hypothesis of a templating effect of the physical network guiding the chemical cross-linking in a way to promote the formation of elastically active bonds, which contributes to the shear modulus, at the expense of elastically inactive bonds, which do not contribute to the shear modulus. We also observed that when both physical and chemical networks are present, their contribution to the total shear modulus is not simply additive, but follows a more complex cooperative relation.
These results show a very simple and effective way of making the chemical cross-linking process more efficient, by exploiting the natural physical gelation of gelatin. The research demonstrates that temperature can be used as a handle to optimise the gelation process. The templated cross-linking strategy is a simple concept that should be applicable to other biopolymers that undergo a natural gelation process.
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